Young pea plants grown as a water culture were sprayed with hydrogen peroxide and 24 h later were treated with the herbicide paraquat. The effects of paraquat and H 2 O 2 treatment were investigated on the endogenous concentrations of free proline, and free and conjugated putrescine, spermidine and spermine. Application of PQ increased the free proline and Put, and decreased conjugated and bound polyamines. The results clearly demonstrate the oxidative damages provoked by PQ application. Single treatment with H 2 O 2 provoked considerable decrease in the free fraction of the three PAs studied 2 h after light exposition, but caused an increase in their respective conjugated fractions. Data suggest that PA changes after H 2 O 2 treatment are due to conversion from free to conjugated form. Three hours later free PAs in H 2 O 2 treated-plants reached control levels; however the conjugated remained higher than the control. No alterations were detected in proline concentration after H 2 O 2 treatment. Pretreatment with Н 2 О 2 activated some component of the plant protection mechanisms by causing an alteration in free/conjugated PAs ratio in plants subsequently subjected to PQ treatment. Data concerning PA and proline concentrations in plants treated with both compounds supposed that H 2 O 2 shows a protective role against PQ and improves the plant tolerance to the oxidative stress generated by paraquat.
Introduction
Polyamines (PAs) are low-weight organic molecules, widely distributed in higher and lower plants, and the PAs common for all plant species are putrescine (Put), spermidine (Spd) and spermine (Spm). They occur as free molecules, but can also be conjugated with small molecules such as phenolic acids or bound to macromolecules like nucleic acids and proteins for their polycationic nature [1] . Polyamines play a key role in growth, development and reproduction of plants [1] [2] . Another important function of PAs is attributed to plant protection against different stresses [3] [4], including herbicides [5] - [9] . PAs are involved in the control of various cellular functions: scavenging of free radicals, antioxidant activity, and modulation of plant stress tolerance [3] [4] . Additionally, concept exists that conjugation of polyamines could be considered as a regulatory mechanism of the free PA pool [1] .
Paraquat (PQ) is a bipyridilium contact herbicide which is diverting electrons from Photosystem I, and thus forming bipyridilium radicals by reaction with oxygen are producing superoxide radicals followed by chain reactions leading to generation of other reactive forms of oxygen. Paraquat is inhibiting the CO 2 fixation in plants, but its rapid herbicide action is attributed mainly to the generation of active oxygen species (AOS) [10] , and thus the biomembranes are subjected to a free radical attack [11] . The double-bonds of the biomembrane's unsaturated fatty acids are primary targets for AOS, which initiate chain reactions of lipid peroxidation followed by destruction and disorder in the normal membrane permeability [7] [12] .
In our previous investigations [13] - [15] , we have established that pre-treatment of young pea plants with low concentration of hydrogen peroxide decreased the damages caused by subsequently applied PQ. Here, we report the changes in plant polyamine and proline concentrations in pea treated with H 2 O 2 and PQ. The results presented in this study suggest that preliminary application of H 2 O 2 on pea plants subsequently treated with PQ alleviates the toxic effects of the herbicide by influencing endogenous polyamine concentrations.
Materials and Methods

Plant Material, Growth Conditions and Treatment
Seedlings of Pisum sativum L. were grown on a half-strength Hoagland-Arnon nutrition medium in a growth chamber under the following conditions-12/12 h photoperiod; light intensity 70 μmol•m ; temperature 25˚C ± 1˚C. Ten-day-old seedlings were sprayed with an aqueous solution of H 2 O 2 (2.5 mM) containing 0.1% Tween 80, and 24 h later, part of the plants were sprayed with 0.2 mM aqueous solution of paraquat containing 0.1% Tween 80. The control plants were sprayed with water containing 0.1% Tween 80 at each chemical application stage. Paraquat treatment was carried out after the end of the light phase in the photoperiod cycle, thus giving a 12 h of incubation period during which the herbicide effects are usually weak [16] .
Samples for measurement were taken 2 h after the beginning of illumination when there were still no visible herbicide effects, and 5 h after beginning of illumination when the first visible symptoms of injury were observed.
Biochemical analyses were carried out on fresh plant material derived from 2 nd leaves which was immediately extracted and assayed according to the appropriate methods listed below.
Polyamine Extraction and Determination
Plant material (approximately 200 mg) was ground in mortar with pestle in 2 ml of trichloroacetic acid (TCA). After centrifugation (30 min, 15,000 × g) the supernatant and pellet were used for further analyses.
The direct dansylation method was used to determine the free Put, Spd and Spm levels [17] . Conjugated PAs were measured in acid-hydrolyzed supernatants as TCA-soluble bound PAs, and bound PAs in acid-hydrolyzed pellets as TCA-insoluble bound polyamines, according to [18] . The three fractions of PAs were separated using TLC precoated plates of Silicagel G 60 (Merck) in a cyclohexane:ethylacetate (3:2, v/v) solvent system. Spots, visualised under UV light, were scraped off and eluted in 2 ml anhydrous acetone. Fluorescence was measured (excitation 360 nm, emission 505.5 nm) and the results were compared with dansylated PA standards loaded on the same TLC plate and treated as extracted samples. The dansyl chloride and Put, Spd and Spm standards were purchased from Sigma-Aldrich.
Determination of Proline
The proline concentration was assayed by the method described by [19] . Approximately 0.3 g of plant material was homogenized in 6 ml of aqueous sulfosalicylic acid and homogenate was centrifuged at 19,000 g for 30 min. Two ml of extracted solution was reacted with acid ninhydrin and 2 ml of glacial acetic acid in a test tube for 1 hour at 100˚C, and the reaction terminated in an ice bath. The reaction mixture was extracted with 4 ml toluene, mixed vigorously with a test tube stirrer for 15 -20 sec. The chromophore containing toluene was aspirated from the aqueous phase, warmed to room temperature and the absorbance read at 520 nm using toluene for a blank. The proline concentration was determined from a standard curve prepared according the same procedure with known amounts of proline.
Statistical Procedures
All experiments were repeated three times with three to five replications. The results reported in the figures and table are means of the values with standard error (SE). The different letters in figures and table indicate significant differences between treatments at P < 0.05.
Results
A decrease of free proline content was detected 2 h after application of H 2 O 2 (by 28%), while 3 hours later its content was near the control level ( Table 1) .
Initially (2 h after illumination) a slight decrease of free proline was detected by PQ application. However, PQ application caused significant increase of free proline concentration (by 52%) 5 h after starting of illumination. Free proline was not altered significantly in plants treated with both H 2 O 2 and PQ as compared to relative controls.
At the first measurement (2 h after starting of illumination) the application of H 2 O 2 led to considerable decrease of free Put, accompanied by significant increase of conjugated and bound form (Figure 1) . Three hours later most significant changes were observed in conjugated Put, which was still elevated in relation to the control. Alone applied PQ caused amplification of free Put 2 h after beginning of illumination. However, no considerable changes in both bound and conjugated fractions were observed after PQ treatment. At the second measurement, free Put was still elevated, but conjugated form was decreased by PQ application. Pre-treatment with H 2 O 2 led to decrease of free Put as compared to alone PQ. The concentrations of both bound and conjugated Put fractions were comparable with the respective control.
The changes of free, conjugated, and bound Spd levels (Figure 2 ) in H 2 O 2 -treated plants were similar to those of Put at both measurements. Treatment with PQ caused insignificant alterations of free Spd, and slight increase of bound Spd at both measurement points. Initially PQ increased conjugated Spd, but 3 hours later a decrease was observed. In pea plants pre-treated with H 2 O 2 the conjugated and bound fractions of Spd after 2 h of illumination were slightly above than the respective control, while free Spd was significant decreased. At second measurement point, all three Spd fractions reached the control values.
Changes of free Spm (Figure 3(A) ) were similar to free Spd (Figure 2(A) ). At second measurement only combined treatment with both compounds showed lower Spm concentration than those observed in other variants. Initially H 2 O 2 did not provoke considerable enhance of conjugated Spm but three hours later this fraction was significantly increased. In distinct PQ led to decrease of conjugated Spm especially at second measurement. At first combined treatment caused rise of this Spm form but at second measurement an opposite tendency was observed. Two hours after starting of illumination, bound Spm was increased by H 2 O 2 application, while in both variants with PQ treatment it was slightly below the control. Three hours later, no significant differences between variants were detected in relation to this Spm fraction.
Discussion
Proline is accumulated in plant tissues because of various stresses. The increased proline content is believed to play a role as a part of the endogenous defense system [20] [21], but some authors discussed its augmentation as a stress marker [19] [22] . In our model system, an increase of free proline was observed only in PQ-treated plants ( Table 1) . The amount of proline in plants preliminary sprayed with H 2 O 2 was comparable with the relative controls. In our opinion, the augmentation of proline in PQ-treated plants could be considered as a stress Data presented in Figures 1-3 indicate that PAs are affected in a different manner by the treatments. The results show that most important changes of endogenous PAs were in relation to free Put, Spd and Spm at first measurement point as well as in the conjugated PAs at both measurements.
The elevation of Put because of different stresses is widely discussed in the literature. Most often the increased free Put gives an indication for the stress impact [8] . On the other hand, the enhanced Put is supposed to play a role as a tool of the endogenous defense system but this role was attributed mainly to the bound and conjugated Put [3] . Single application of PQ led to enhanced free Put (Figure 1(A) ). This was not unexpected result since it is well known that PQ provoked an oxidative stress [16] and free Put in this case could be assumed as a stress marker. Conjugated PAs is considered to be more effective fraction as radical scavengers of AOS than the free form [1] [23] . On the other hand, PQ led to decreased conjugated PAs, and then PAs concentrations continued to decline till second measurement but without relevant liberation of free PAs. Most probably, PQ caused disturbance of cellular PAs balance, which led to lower possibilities for scavenging of AOS since reduced conjugated PAs and this way plants had worse potential for surviving.
Treatment with H 2 O 2 predominantly led to a decline of the free PAs fractions accompanied by a significant augmentation of conjugated fraction. Similar results were obtained for Spd and Spm at first measurement in plants treated with H 2 O 2 and PQ. A possible reason for the increment of conjugated form accompanied by decrease of the respective free fraction could be the conjugation with low-molecular weight substances. It was established that the conjugated PAs have scavenging properties comparable to those of known efficient radical scavengers, e.g. ascorbate [23] . Additionally, it have to be pointed that three hours later free PAs in H 2 O 2 treated plants reached control levels, however conjugated remained higher than the control. Our results are in consent with hypothesis that conjugated PAs play important role for increasing of the plant stress tolerance [1] [3] [23] [24] . Despite of the fact that H 2 O 2 is acknowledged as a signal for activation of plant defense system under various stresses the mechanism by which it caused protective effect on pretreated plants remained unclear [25] - [27] . It was established that the pretreatment with H 2 O 2 increased the activities of several antioxidant enzymes and/or the levels of some antioxidants such as glutathione [14] [27]- [30] . It is well known that conjugation of PAs with phenolic acids is an enzymatic process [31] [32] . Therefore, it could be proposed that H 2 O 2 renders similar effect on the enzymes involved in PAs conjugations. Moreover, the enhanced by H 2 O 2 conjugated PAs concentrations well correlated with results from our previous studies where we have observed that H 2 O 2 pre-treatment decreased the damages caused by PQ [14] . Based on the results presented here it could be proposed that Н 2 О 2 activated some component of the plant protection mechanisms by causing an alteration in free/conjugated PAs ratio. Thus, the plants subsequently treated with PQ had higher potential for surviving [13] .
Conclusion
In our previous study, we have established that H 2 O 2 pretreatment prevented the inhibition of photosynthesis, and chlorophyll loss provoked by PQ, and the plant showed higher rates of survival [13] . Further, we showed that the negative effect of PQ, which was considerable in relation to content of ascorbic acid and glutathione, was significantly eliminated by H 2 O 2 pretreatment. The application of H 2 O 2 prior to PQ treatment induced the activities of defense enzymes and especially of ascorbate peroxidase [14] . More recently, we have presented the changes of leaf morphological and histological characteristics provoked by PQ application and the protective role of H 2 O 2 pretreatment was attributed to alteration of cell wall architecture and structure [15] . Additionally, we have established that PQ destroyed the energy transfer in and between photosystems and reduced the functional antennae size of both PSs, while pretreatment with H 2 O 2 reduced to some extent the PQ mediated oxidative stress on the photosynthetic light reactions at the level of thylakoid membrane [33] . The present research further supports the suggestion that pretreatment with H 2 O 2 triggers different defense mechanisms and the change of free/conjugated PAs ratio is one of them.
